Abstract − Vanadium redox flow batteries (VRFBs) have been investigated for their potential utility as large energy storage systems due to their advantageous performances in terms of long cycle life, high energy efficiency, low cost, and flexible design. Carbon materials are typically used as electrodes in redox reactions and as a liquid electrolyte support. The activities, surface areas, and surface morphologies of porous carbon materials must be optimized to increase the redox flow battery performance. Here, to reduce the resistance in VRFBs, surface-modified carbon felt electrodes were fabricated, and their structural, morphological, and chemical properties were characterized. The surface-modified carbon felt electrode improved the cycling energy efficiencies in the VRFBs, from 65% to 73%, due to the improved wettability with electrolyte. From the results of impedances analysis with proposed fitting model, the electrolyte-coupled polarization in VRFB dramatically decreased upon modification of carbon felt electrode surface. It is also demonstrated that the compressibility of carbon felt electrodes was important to the VRFB polarization, which are concerned with mass transfer polarization. The impedance analysis will be helpful for obtaining better and longer-lived VRFB performances.
Introduction
Energy conversion technologies, in which renewable energy sources are converted to electrical energy, have been developed in response to climate change. Such technologies require energy storage systems to enable flexible usage. Energy storage systems require a high charge capacity, long cycle life, rapid response time, and low cost. Redox flow batteries (RFBs) are rechargeable storage systems in which an electrolyte containing two dissolved chemical components is supplied to a redox reaction. RFBs are advantageous in that the liquid electrolyte tanks are separable and the longevity is nearly unlimited compared with conventional rechargeable batteries. RFBs, however, deliver relatively low power levels and require complicated operation technologies. Vanadium redox flow batteries (VRFBs) were developed and commercialized to exploit the use of a single metal ion species in both the anodic and cathodic electrolyte, thereby reducing contamination and capacity depletion. The electrochemical halfreactions of a VRFB are as follows. VRFBs use vanadium ions dissolved in aqueous sulfuric acid, and carbon materials are used as electrodes, current collector, and electrolyte supports. Ion exchange membranes are positioned between the anodic and cathodic carbon electrodes to form both the separators and ion transport path [1, 2] . The performances of VRFBs depend on the electrodes and separators, and the activities of electrodes may be turned to increase the performance and promote the V
+4
/V
+5
and V
+2
/V +3 redox reactions at the electrode surface [3] [4] [5] .
VRFB performances may be improved through the use of a carbon felt with a good electronic conductivity, a high electrochemical activity, and good stability. The electrochemical activity may be increased by increasing the carbon electrode surface area and wetting the carbon felt with the electrolyte. Carbon felt, however, tend to be highly hydrophobic, leading to poor reaction kinetics between the electrolyte and the redox ion couples [6] [7] [8] [9] . The activities of the carbonaceous electrodes surfaces may be increased by treating the electrodes under a variety of conditions [10] [11] [12] . Incorporating additional treatments into the electrode preparation processes can notably enhance the electrochemical activity of a carbon felt by changing its surface chemistry. The relationship between the surface properties and the electrochemical performance of a carbon felt electrode have not previously been clarified. The electrochemical events within a VRFB that rely on the physicochemical surface properties of a carbon felt must be investigated. For example, charge transfer at the electrode, the electrolyte coupled reactions, and mass diffusion reactions in electrolyte at the electrode may rely on the materials properties and operation conditions within a VRFB. VRFBs are technically similar to both fuel cells and to batteries. Many studies have examined the properties of electrochemical devices using electrochemical impedance spectroscopy (EIS), which characterize the correlations between the parameters (materials properties, processes, operation conditions, etc.) and electrochemical performances [13, 14] . Few studies have specifically addressed RFBs [15] [16] [17] . Studies that examined RFBs used an equivalent circuit composed of two resistance and constant phase element of capacitance in their analysis [15] . Furthermore detailed studies of VRFBs may guide the development of high-performance devices.
To this end, the effects of surface modifications on structural and electrochemical properties of a carbon felt electrode were examined. The electrochemical performances were analyzed using EIS to characterize the elements of a proposed equivalent circuit as a function of the operation conditions and cell structure.
Experiments
Commercial carbon felt (NEWELL, Korea) was used as the electrode (5.4 cm × 6.0 cm × 0.3 cm in size) in this work. The surface of the carbon felt was oxidized by heating at 450 o C for 5 h under an air atmosphere. The morphology of the felts was characterized by collecting optical spectroscopy images (Bx 51, Olympus, Japan) and scanning electron spectroscopy images (SEM, S-4100, Hitachi) of the bare carbon felt (CF No HT) and the heat-treated carbon felt (CF 450-5). The chemical properties of the surfaces were characterized using X-ray Photoelectron Spectroscopy (XPS, K-Alpha, Thermo scientific) analysis. The wettability of the electrolyte was characterized by measuring the wetting angle formed by an electrolyte droplet on the surface of the CF No HT or CF 450-5 felts. The electrical conductivities were measured using a WEIS system (Wonatech, Korea).
The VRFB performances of the carbon felt electrodes were evaluated using the flow cell shown in Fig. 1 . The performance test included a flow cell, two peristaltic pumps, two electrolyte reservoirs and Viton ® tubing. Each reservoir included 40 mL of the electrolyte, and each electrolyte was circulated at 18, 36, and 54 cc·min . The VRFB cycle performances were measured by charging to 1.8 V at 50 mA·cm -2 and discharging to 0.8 V at 50 mA·cm -2 . The impedance measurements were carried out using a WEIS system (Wonatech, Korea) over the frequency range from 100 kHz to 0.1 Hz under an applied AC voltage amplitude of 100 mV.
Results and Discussion
The optical images of the CF No HT and CF 450-5 are shown in Fig. 2 , which reveals that the carbon fibers formed three-dimensional hollow structures and the open spaces were randomly shaped. The optical images did not readily distinguish between the morphological differences; however, the SEM images shown in Fig. 3 revealed that the CF 450-5 surface was oxidized during heat treatment to increase the surface area. The wettability of the carbon felt electrode is shown in Figure 4 . As the electrolyte was dropped on the surface of the CF No HT felt, the electrolyte formed a wetting angle of 145 o ; however, the electrolyte droplet applied to the CF 450-5 felt spread immediately onto the surface of carbon felt. The wettability Fig. 5 shows the XPS spectra of the C and O elements obtained from the CF No HT and CF 450-5 felts. The XPS spectra were analyzed using a de-convolution fitting method of obtained C 1s and O 1s spectra. The O 1s peak was fit using three peaks over the range of 531-535 eV. The peak around 533 eV was attributed to the phenolic (C-O) groups, and the peak around 531 eV could be assigned to the carboxylic or carbonyl (C=O and/or C-O-C) groups. Adsorbed water and some chemically absorbed oxygen may have contributed to the additional peak around 535 eV [18] . As shown in Fig. 5 , the phenolic groups (C-O) around 533 eV and the peaks attributed to adsorbed water and chemically adsorbed oxygen around 535 eV were negligible in the spectrum obtained from the bare carbon felt, CF No HT. The bare carbon felt displayed very hydrophobic properties; however, CF 450-5 included an increase in the peak intensity around 535 eV, which improved the wettability. After heat treatment, the peak intensities corresponding to the C-O peak (O 1s-A) and C=O peak increased. The relative peak intensity of the phenolic (C-O) groups dramatically increased; however, the peak intensities of the carboxylic or carbonyl (C=O and/or C-O-C) groups only slightly increased. Heat treatment formed additional phenolic (C-O) groups and carboxylic or carbonyl groups (C=O) on the surface of the carbon felt, which increased the surface wettability. The carbon felt surface could be readily modified by evolving CO and/or CO 2 under an air atmosphere at high temperatures. The relative molar ratio of carbon and oxygen could be estimated from each peak based on the areal ratio between the C 1s and O 1s peaks. As shown in Fig.  5(c) , more functional groups formed after heat treatment. The carbon felt could be readily oxidized during a heat-drive surface modification process, and carbon-oxygen functional groups, including carboxylic or carbonyl groups (C=O) and phenolic groups (C-O), were observed on the surface in greater numbers compared to the bare carbon felt, CF No HT. The relative ratio of the C-O to C=O groups increased as the surface modifications present on the carbon felt were incorporated. The carbon-oxygen functional groups affected the wettability due to improvements in the hydrophilicity, which improved the electrochemical event relating to electrolyte coupled polarization.
The electrochemical properties relating to the surface properties . Fig. 7 shows the cyclic efficiencies of the VRFBs prepared with the CF2 No HT, CF3 No HT, and CF2 450-5 electrodes at each flow rate. Fig. 8 shows the performances of the charge-discharge characteristic as a function of the current density. The CF2 450-5 VRFB displayed a 90 % columbic efficiency and a 73% of energy efficiency at 18cc·min
. As the flow rate increased, the efficiency decreased, demonstrating that the performances depended on the operation conditions, including the flow rate and discharging current. The cyclic columbic efficiencies of the VRFBs prepared with CF2 No HT or CF2 450-5 were comparable; however, the energy efficiencies in CF2 450-5 improved. As the surface was modified via heat treatment, the cyclic energy efficiency performances of the VRFBs increased from 65% to 73%. The VRFB prepared with CF2 450-5 exhibited the highest efficiency measured in all case except at a flow rate of 54 cc·min -1 , with discharging at a low current. The VRFB prepared with CF2 No HT exhibited higher columbic efficiencies and lower energy efficiencies than the VRFB prepared with CF2 450-5 at 54 cc·min higher electrical conductivity in the CF2 No HT felt provided a higher columbic efficiency; however, the charging/discharging characteristics illustrated in Fig. 8 revealed that the voltage during discharging in the CF2 450-5 VRFB was much higher than that in the CF2 No HT VRFB. The better performances as a result of the improved electrode wettability may reduce cross-over of the vanadium ions through membranes. This effect is related to the electro-osmotic drag effects. Poor VRFB performances are accompanied by the easy transfer of unreacted vanadium ions across the membrane, which may reduce the energy efficiency of the device. The results shown in Fig. 6-8 reveal that the VRFB performances improved as the surface of the carbon felt electrodes were modified, leading to higher surface areas and improved electrolyte wetting properties. The effects of the electrode surface modification were investigated using impedance analysis with an equivalent circuit as shown in Fig. 9 . The measured impedances were fitted using the proposed equivalent circuit. The VRFBs include the polarization of ohmic, charge transfer, and mass transfer, as the electrolytes flow. VRFBs are technically similar to both fuel cells and to batteries. Several electrochemical events occur within a VRFB during operation. Ohmic polarization results from the resistance of the membrane, liquid electrolyte, and the electrode between two bipolar plates. The electrolyte flow through the porous felt electrodes causes mass transfer polarization. Charge transfer polarization at the anode and cathode electrodes may result from electrode activity, electrolyte-coupled reaction (reaction that depend on the electrolyte wetting on the electrode surface), and charge transfer within the liquid electrolyte. In this study, the equivalent circuit with five RQ (resistance and constant phase element) impedance elements connected in series (an inductor, resistor, and five elements) was proposed. Each of the proposed equivalent circuit elements associated with separate electrochemical events in the VRFB. The appropriate impedance model isolated the mass diffusion and charge transfer contributions to the polarization [13] [14] [15] from the structural and morphological properties of the carbon felt assembly.
The fitting results shown in Fig. 10 revealed the each element values of VRFBs prepared with CF2 No HT, CF3 No HT, and CF2 450-5 under a flow rate 36 cc·min -1 and without a current load (OCV). The fitted results are quite well matched with measured data; however, the fit results for the CF2 450-5 VRFB did not agree well the curve in the high frequency range, possibly due to the inductance of wire interference [19] . The total resistances of the VRFB prepared with the CF2 450-5 were much lower, 0.27 Ω, than the values obtained from a VRFB prepared with the CF2 NO HT electrode (1.62 Ω). As shown in Figure 10 , VRFB prepared with the CF2 450-5 exhibited the much lower total resistance value, regardless of the flow rate. The fitting results revealed that two of the resistances, R1 and R2, were equal to zero, indicating that the R1 and R2 elements could be removed, and the equivalent circuit for VRFB could be simplified to a series of three elements. Charge transfer within the anodic and cathodic electrolytes, R1 and R2 elements, could be ignored due to fast ionic transfer in the liquid electrolyte. Fig. 11 and 12 revealed that R0 and R3 varied slightly among the VRFBs, and R4 and R5 changed dramatically. The R0s measured in each VRFB were similar in value under all flow rates. The value of R0 measured in the CF2 450-5 VRFB was slightly higher than the corresponding value measured in the CF2 No HT VRFB due to an increase in the resistance upon oxidation of the carbon felt. R0 measured in the CF3 No HT VRFB reached the highest values measured due to the high resistance of lower electrolyte wetting in carbon felts. Although highly compressed carbon felts may increase the electrical path, ionic electrolyte filling in these carbon felts was reduced and the polarization was increased. Here, the ohmic resistance in the VRFBs was composed of contributions by the membrane, carbon felt electrode, and electrolytes adsorbed onto the carbon felt surface. The values of R3 in each VRFB were similar under flow rates, as shown in Fig. 11 . The values of R3 differed only slightly with the felt type. The CF3 No HT and CF2 450-5 electrodes displayed slightly lower values of R3 compared to the pristine carbon felt, possibly due to the carbon felt activity resistance, which increased during the surface modification process or due to compaction of the carbon felt structures.
The values of R4 and R5 were examined as a function of the physical properties of the felts. CF2 and CF3 indicate the electrode compressibility, where CF3 indicates a denser electrode that produced a The CF2 450-5 VRFB yielded quite low R4 and R5 values, which were inferred to reflect the main factors that reduced the total resistance. The relationship between the carbon felt surface properties and the electrolyte was explored by characterizing the resistance changes resulting from oxidation of the carbon felt surface via heat treatment. The electrochemical reaction relating to the carbon felt surface and electrolyte was the electrolyte-coupled reaction shown in Fig. 12(b) . Surface modification significantly reduced the R4 values, indicating that R4 related to the electrochemical events that were affected by the carbon felt surface properties. The results obtained from three types of electrodes revealed that R4 was related to an electrochemical reaction coupled with the electrolyte wettability on the electrode surface, and R5 was related to the electrochemical reactions involving mass diffusion within the electrode.
In this study, the VRFB operation parameters were varied to investigate the physical events underlying the impedance responses, and a five-element model was used to describe the electrochemical events. The electrolyte-coupled reaction and mass transfer within the VRFBs reduced polarization. The physical meaning of each element in this work may inform the optimization of materials and processes for use in VRFBs. The degradation mechanisms may also be analyzed in terms of the elements in the proposed equivalent circuit.
Conclusions
In this study, the carbon felts electrodes were modified via heat treatment to improve the electrolyte wettability of the felt surfaces. The VRFB prepared using the surface-modified carbon felts displayed a 10% higher energy efficiency. The electrochemical events within the VRFBs were modeled and verified with the proposed fitted model. The ohmic resistance is the sum of the membrane resistance, electrode resistance and electrolyte resistance in the electrodes. The electrical polarization of the carbon felt electrode was verified. The fitting model revealed that the electrolyte-coupled polarization most strongly influenced the total resistance in the VRFBs. The model will be helpful for analyzing the performances of VRFBs, improving the performances, and extending the device lifetime.
